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The very powerful X-class solar flare of 2003 October 28 was detected with the INTEGRAL
spectrometer as an intense γ-ray flash of about 15 minutes. Despite the non-standard in-
cidence of the solar γ-rays, time-resolved spectra including several nuclear γ-ray lines were
obtained. Such a measurement with a high-energy-resolution instrument can provide valuable
information of the isotopic abundances of the ambient solar material, as well as the composi-
tion, directionality and energy spectra of the accelerated nuclei. First results on the measured
γ-ray line ratios and time history of the neutron-capture line are presented.
1 Introduction
Although not devoted to solar physics, the INTEGRAL observatory can provide valuable mea-
surements of the high-energy emission produced in the most powerful solar flares. In particular,
the spectrometer SPI 1 can allow fine spectroscopic analyses of the nuclear γ-ray line emission.
These lines are produced by the interactions of flare-accelerated particles with the ambient solar
material and their intensities can be used to determine isotopic abundances in the solar atmo-
sphere 2. In addition, measurements of the shape and redshift of some deexcitation lines can
provide complementary information on the directionality and spectra of the accelerated ions 3.
Very high solar activity was observed in late October and early November 2003, with several
flares of class X originating from the same active region of the Sun. In this paper, we briefly
review the data obtained with SPI for the X17.2 flare of October 28 4. We then present a
preliminary analysis of the measured γ-ray line fluence ratios and of the time history of the
2.22 MeV neutron-capture line.
2 Observations
The γ-ray emission from the 2003 Oct. 28 flare was detected with SPI as an intense flash of ∼15
minutes starting at 11:02 UT. The satellite was then observing the supernova remnant IC443,
with the Sun at 122◦ from the instrument line-of-sight. Background-subtracted spectra were
obtained by using both single and multiple events from the 19 Ge detectors. Four deexcitation
γ-ray lines produced by the interactions of flare-accelerated protons and α-particles with the
solar atmosphere were detected: at 4.44 MeV from ambient 12C*, and 6.13, 6.92 and 7.12 MeV
from ambient 16O*. In addition, we measured a strong line emission at 2.22 MeV from radiative
capture of secondary neutrons by photospheric H. The relative fluences of these lines are given
Table 1: Relative line fluences for the 2003 October 28 flare
Line Energy (MeV) Relative Fluence
2.22 10.7±1.7
4.44 0.92±0.14
6.13 ≡1.00±0.17
6.92 0.33±0.13
7.12 0.20±0.12
in Table 1. They were obtained from preliminary simulations of γ-ray transmission through the
satellite material, for the configuration of INTEGRAL during the flare.
3 Line fluence ratios
Calculations of γ-ray line emission were performed assuming a thick target interaction model and
a power-law source spectrum for the accelerated particles 2. We considered both photospheric 5
and coronal 6 compositions for the ambient medium. For the production of the neutron-capture
2.22 MeV line, we used the code developed by Hua et al 7. Whereas the emission of the
12C and 16O narrow lines is only due to accelerated proton and α-particle interactions, neutron
production also depends on the fast heavier nuclei. We assumed for these particles an impulsive-
flare average composition obtained from measurements of solar energetic particle events 6, but
allowed the α/p abundance ratio to vary between 0.02 and 0.5. The cross sections for the
production of the 12C and 16O lines are based on Kozlovsky et al 8.
The neutron capture-to-deexcitation line fluence ratios strongly depend on the accelerated
particle spectral index S, because, on average, the neutrons are produced at higher energies
than the 12C and 16O lines (see Fig. 1). But these ratios also depend on the composition of
the accelerated particles and the ambient material, as well as on the angular distribution of the
interacting ions. We used the calculations shown in Fig. 1 to take into account these uncertainties
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Figure 1: Neutron capture line to 12C and 16O line fluence ratios. Horizontal hatched areas: SPI data. Solid
curves show calculated ratios as a function of power-law spectral index, for the following case: accelerated ions
with α/p=0.1 and downward-isotropic distribution, interacting with an ambient medium of coronal composition
and 3He/H=3×10−5. Dashed and dotted curves show the effects of changing the ambient medium composition
(panels a and e) the flare geometry (b and f) the ambient 3He abundance (c and g) or the α/p ratio (d and h).
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Figure 2: Observed (crosses) and calculated (solid lines) 12C (4.44 MeV) and 16O (6.13, 6.92 and 7.12 MeV) line
flux ratios as a function of S, for 3 values of α/p: 0.02 (panels a, d and g), 0.1 (b, e and h) and 0.5 (c, f and i).
and obtained from the comparaison with SPI data: S=3.15±0.55, 3.65±0.55 and 4.075±0.475,
for α/p=0.02, 0.1 and 0.5, respectively.
In Fig. 2, we compare calculated 12C and 16O line ratios for these 3 values of α/p with
the SPI data for the corresponding values of S. We assumed that the γ-ray production region
is of coronal composition, with C/O=0.46 6. We see that the calculated 16O line ratios are
in good agreement with the SPI data, given the large uncertainties due to the relatively low
statistics obtained for the ∼7 MeV lines. But we also see that the calculated 4.44-to-6.13 MeV
line ratios overestimate the observed value, for all the α/p ratios. We have further compared
our calculations with data obtained for other solar flares with SMM, CGRO/OSSE and RHESSI
and found the theoretical 12C-to-16O line ratios to overestimate the average of the measured flux
ratios by a factor of ∼1.5 9. This discrepancy suggests that the 12C and/or 16O abundances at
the γ-ray production sites could be different from their generally-assumed coronal values.
4 Time dependence of the 2.22 MeV line emission
Time history measurements of the 2.22 MeV line can provide a unique determination of the
photospheric 3He/H ratio, because neutron capture on 3He via the 3He(n,p)3H reaction can
significantly shorten the delay of the radiative-capture line emission. But as recently emphasized
by Murphy et al. 10, the time history of this line is also strongly dependent on the angular
distribution of the interacting flare-accelerated particles. Following these authors, we calculated
the 2.22 MeV line production by using a detailed magnetic loop model 7, for which this angular
distribution is parameterized by the level of MHD pitch-angle scattering (PAS) occuring in the
coronal portion of the loop. We assumed the neutron-production time history to be identical
to the one of the prompt deexcitation γ-ray line emission, for which good quality data were
obtained with SPI (Fig. 3a).
Fig. 3b shows the best fit to the measured count rate of the 2.22 MeV line and Fig. 4 the
regions of 1σ and 90% confidence levels for the two free parameters. These results are in good
agreement with those previously obtained with RHESSI 10. However, the derived 3He/H ratio
is still not well constrained. But the 4.44 and 6.13 MeV line shapes measured with SPI will
allow an independent determination of λ, which should significantly reduce the uncertainty on
the photospheric 3He abundance (Fig. 4).
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Figure 3: Measured time dependences of (a) the sum of the 4.44 and 6.13 MeV line count rates and (b) the 2.22
MeV neutron-capture line emission. Also shown in panel (b) is the best fit with ±1σ uncertainties, obtained for
the normalized PAS mean free path λ=2000 and for 3He/H=6×10−5 (see text).
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Figure 4: Regions of 68.3% (1σ) and 90% confidence levels for the two free parameters λ and 3He/H. Also shown
is the estimated solar 3He abundance obtained by multiplying the He/H ratio measured from heliosismology with
the 3He/4He ratio as determined for Jupiter’s atmosphere.
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